Abstract-Poly(N-vinylimidazole), PVIm, gels were prepared by γ -irradiation polymerization of N-vinylimidazole in aqueous solutions as an affinity gel for glucose oxidase (GOx). These affinity gels with a water swelling ratio of 1800% for plain polymeric gel and between 30-80% for Cu(II) and Co(II)-chelated gels at pH 6.0 in phosphate buffer were used in the GOx adsorption studies. Maximum metal ion adsorption capacity of these hydrogels was found to be 3.64 mmol/g dry gel for Cu(II) and 1.72 mmol/g dry gel for Co(II) leading to GOx adsorption capacities of 343 and 528 mg enzyme/g dry gel, respectively, as compared to 228 mg for the plain dry PVIm gel. Activity studies were carried out using plain and the metal ion-chelated form of this hydrogel to investigate the stability and retained activity of the GOx in different buffer solutions and at different temperatures. Activity of the enzyme, either in free or immobilized form on the gel, decreased dramatically in acetate buffer solutions. In phosphate buffer solution, however, stability of enzyme has been found to be significantly high reaching 90% retained activity at the end of a 40-day period at 4 • C for Co(II) chelated systems. After immobilization of the enzyme onto metal-chelated hydrogel, the thermal stability of enzyme was enhanced significantly showing 23% activity, even at 75 • C.
INTRODUCTION
Purification of proteins and enzymes need several steps involving methods which select on the basis of molecular size (gel-permeation chromatography), electrical charge (ion-exchange chromatography), hydrophobicity (hydrophobic interaction chromatography) or biological recognition (bioaffinity chromatography). Metal chelate affinity chromatography introduces a new possibility for selectively interacting materials on the basis of their affinities for chelated transition metal ions. The separation is based on differential binding abilities of the proteins or enzymes to interact with chelated metal ions to a solid carrier [1, 2] . Metal chelate affinity chromatography of proteins, with metal chelate linked to Sepharose, was first introduced by Porath et al. [3] . They reported a model system using Zn(II) and Cu(II) columns in tandem for the fractionation of human serum proteins. Subsequent studies have shown the wide applicability of the technique and consistency of the methodology.
The specificity of enzymes and their ability to catalyse reactions make them attractive for applications in the biochemical, biomedical, industrial and analytical field. The major advantage of this specificity is that the yields are free of side products and, thus, cost-effective. The recovery and reusability of free enzymes and catalysts are quite limited and this has led to the development of a wide variety of immobilization techniques. Immobilization also offers operational advantages over free enzymes, such as choice of batch or continuous processes, rapid termination of reactions, controlled product formation, ease of removal from the reaction mixture and adaptability to various engineering designs [4] . Immobilization can be achieved through physical adsorption on solid supports, micro-encapsulation, and covalent bonding or matrix entrapment [5] . Among these, matrix entrapment seems to have advantages over the others, such as simplicity of the process, ease of transport of substrate and the products, and less possibility of inactivation during immobilization [6, 7] . The use of the open pore hydrogels either in anionic or cationic form gives some extra advantages for the separation of enzymes and especially for the activity studies of enzymes. Because of the open hydrophilic network of the gels, synthetic hydrogels have been gaining increasing popularity in various biomedical applications ranging from soft contact lenses to drug-delivery systems [8, 9] . On the other hand, the charged hydrogels are useful for the ion exchange and immobilization of enzymes [10] [11] [12] [13] . In this case, adsorption and desorption of enzymes depend on certain external conditions, such as pH [14] , temperature [15] , ionic strength [16] , pressure [17] , ultrasound and electromagnetic radiation [18] .
Glucose oxidase (GOx) has been mostly used in biological applications as biosensor, biocatalyst or drug-delivery systems. Some specific examples include the synthesis of glucose-sensitive hydrogels that could be used to deliver insulin to diabetic patients using an internal pH trigger [19] . The immobilization and stability of GOx on novel substrates have therefore continued to attract attention of scientists working in closely related fields.
The purpose of the present study is to prepare poly (N-vinylimidazole) based affinity gels containing Cu(II) and Co(II) ions (in chelate form) for metal-chelate affinity separation and enhanced stabilization of GOx enzyme activity. In this article, we present GOx adsorption properties of plain and Cu(II) and Co(II)-chelated hydrogels for the enhancement stability of enzyme in different buffer solutions and at different temperatures. GOx activity was measured as a function of time in order to find the stability of GOx when it was adsorbed on/in the polymeric gels. The aim of using metal-chelated hydrogels is to see the additional effect of chelated form of metal ion on the stabilization of the enzyme if any.
MATERIALS AND METHODS

Materials
Glucose oxidase (lyophilized, Fraction V) was purchased from Sigma (St. Louis, MO, USA) and used as received. The information provided by the supplier indicates that it may contain up to 2% other enzymes as impurities. N-vinylimidazole (VIm) was obtained from Merck (Darmstadt, Germany) and distilled under reduced pressure and stored at 4
• C until use. Copper chloride (CuCl 2 ) and Cobalt chloride (CoCl 2 ) were purchased from BDH (Poole, UK). All other chemicals were purchased from Merck, of reagent grade and used as received.
Preparation of PVIm gel
A VIm/water mixture (10 ml) containing 8 ml VIm and 2 ml water was placed in polyethylene straws of 3 mm diameter and irradiated in a 60 Co-γ source at a fixed dose rate of 4.5 kGy/h until gelation. The gel was taken out from straws and washed several times with distilled water to remove unreacted monomer and soluble polymer. Gels were dried in vacuum oven at 60
• C for 3 days, and ground to obtain the desired size (800 µm) and then stored until use. Fine particles of hydrogels with 800 µm average size were used for the metal ion and GOx adsorption. The other details related to polymerization system and procedures are given elsewhere [20, 21] .
Water content of PVIm gels
The swelling behavior of PVIm gels was investigated in distilled water. Dry gel pieces were placed in distilled water and kept at a constant temperature of 25 ± 0.5
• C. Swollen gels were periodically removed and weighed. The swelling of gels was calculated by using the following expression:
where W 0 and W s are weights of the gels before and after swelling, respectively.
Incorporation of Cu(II) and Co(II) ions into PVIm gels
Chelates of PVIm gels with Cu(II) and Co(II) ions were prepared as follows: PVIm gel particles were mixed with aqueous solutions containing 100-1200 ppm Cu(II) or Co(II) ions, at constant pH of 6.0 (adjusted with NaOH and HNO 3 ), which has been determined to be the optimum pH for Cu(II) and Co(II) chelate formation [22] at room temperature. A very small amount of adsorption was observed at low pH (pH 2.5) due to the protonation of N atom at position 3 of imidazole ring. For the maximum metal ion adsorption, 1200 ppm solutions of CuCl 2 and CoCl 2 were used as the source of Cu(II) and Co(II) ions. The flasks were agitated magnetically at 1000 rpm for 2 days (sufficient to attain metal ion adsorption equilibrium). The concentration of the metal ion in the resulting solutions was determined with an UVVis Spectrophotometer (model PU 8715, Philips, UK).
Metal ion leakage from the PVIm gels was investigated in 0.02 M acetate and phosphate buffer in the pH range 4.0-8.5 and also in medium containing 1.0 M KSCN at pH 7.0. The gels suspended in the media mentioned above were stirred for 24 h at room temperature. After this period, the leakage of metal ions was determined in the supernatant using an atomic absorption spectrophotometer (GBC 932 AA, Australia).
GOx adsorption
GOx adsorption on plain, Cu(II) and Co(II)-chelated PVIm gels was studied at various pH values. The pH of the adsorption medium was changed between 4.0 and 8.5 by using two different buffer systems (0.02 M CH 3 COONa/CH 3 COOH for pH 4.0-6.0, 0.02 M K 2 HPO 4 /KH 2 PO 4 for pH 7.0-8.5). The initial GOx concentration was changed between 0.5 and 10.0 mg/ml to determine the GOx adsorption capacity of the PVIm gels. In a typical adsorption experiment, GOx was dissolved in 20 ml 0.02 M phosphate buffer solution and a known amount of gel particles was added. The adsorption experiments were carried out for 2 h at 4
• C, sufficient to reach equilibrium after which the gels were separated from the solution. The GOx adsorption capacity was determined by measuring the initial and final concentration of GOx in the adsorption medium spectrophotometrically at 276 nm, which is the maximum absorption wavelength of GOx used in this study.
GOx activity studies
The thermal stability of the immobilized enzyme onto plain and the chelated forms was determined by incubation at temperatures ranging from 25
• C to 75
• C for 15 min. After the incubation at the given temperature, enzyme activity was determined.
Activity studies for the free enzyme and enzyme adsorbed onto plain PVIm, Cu(II) and Co(II)-chelated PVIm were carried out using the TRINDER method [23] . Free enzyme or adsorbed enzyme was placed into a flask continuously oxygenated and then a known amount of glucose was added into the medium. After a standard waiting time for all systems, the reduced form of horseradish peroxidase dye was added into the reaction vessel. At the end of the reaction, the colored oxidase form of the dye was measured using UV-Vis spectrophotometry at 500 nm. Finally, GOx activity was calculated from the absorbance value of the oxidized form of the dye.
RESULTS AND DISCUSSION
Characteristics of PVIm and metal ion-chelated PVIm gels
Preparation and characterization details of PVIm gels have been given in our previous paper [24] . The gels prepared in this study are highly swellable (swelling ratio reaches 6000% for the protonated form of PVIm gel at pH 2.5). The swelling ratios of Cu(II) and Co(II)-chelated gels are rather low compared to the plain PVIm gel. This is due to interaction of imidazole nitrogen groups with metal ions and subsequent shrinking of gel structure. Despite considerable shrinking of metal ionchelated gels, GOx adsorption has been found to be superior to plain gels.
Metal ion incorporation into the PVIm gels
Cu(II) and Co(II) incorporation into the PVIm gels at pH 6.0 (unprotonated) and at pH 2.5 (protonated) in 24 h has already been explained elsewhere [22] . Maximum metal ion adsorption of 3.64 and 1.72 mmol/g dry gel for Cu(II) and Co(II) has been achieved from aqueous solutions of 1200 ppm concentration onto unprotonated PVIm. The amount of metal ions adsorbed onto the hydrogels at low pH values is significantly lower, due to the protonation of active sites on hydrogels. This however, provides an easy way of GOx release from the hydrogels by simply decreasing the pH of the medium. Fresh enzyme can be loaded again onto hydrogels for repeated use at around neutral pH. The amount of Co(II) adsorbed onto hydrogel is nearly half of that for Cu(II). This is most probably due to the differences in the ionic radii and electronegativities of these two ions. Cu(II) and Co(II) have ionic radii of 71 and 88.5 pm, respectively [25] , which makes the complexation of the larger radius ion, Co(II) in this case, sterically more difficult, hence the lower extent of chelation. The higher extent of chelation with Cu(II) may also arise from the difference between electronegativities of these two ions (Cu(II) 1.9, Co(II) 1.8), which is in favor of Cu(II).
GOx adsorption onto PVIm and metal ion-chelated PVIm
The maximum adsorption of GOx was observed at around pH 7.0. The adsorption behavior of GOx onto plain and metal-chelated PVIm gels at different pH values has already been reported in our previous papers [26, 27] . The maximum GOx adsorption capacities of PVIm, Cu(II)-PVIm and Co(II)-PVIm reached in this study are 228, 343 and 528 mg GOx/g dry gel, respectively. These are average values of triplicate measurements. Chelated Cu(II) and Co(II) ions significantly increased the GOx adsorption capacity of the gel (more than 100% in the case of Co(II)-chelation), possibly because of the specific favourable interactions between GOx and polymer associated metal ions to complete the coordination number of metal ions. In other words, metal ions promote the adsorption of GOx within the PVIm matrix. Considering the coordination number and geometries of metal ions associated with the imidazole ring of the polymer a schematic presentation of PVImmetal ion-GOx is given in Fig. 1 . The GOx adsorption capacity for the metal ionchelated gels is significantly higher than in the plain gel, despite the more compact structure and very low swelling of metal ion-chelated gels. The relatively large difference in GOx adsorption by Co(II)-chelated gel compared to Cu(II)-chelation can be explained by referring to the differences in their coordination numbers. The coordination number of Co(II) in its complexes in aqueous media is usually 6. In the case of Cu(II), this is 4. Upon complexation of Co(II) and Cu(II) with VIm pendant groups the number of unoccupied coordination sites will be larger for Co(II), thus allowing more GOx molecules to be adsorbed.
In order to have a better understanding of the adsorption of enzyme onto metal ion-chelated hydrogels, competitive adsorption between metal ion and GOx was investigated. In this experiment, a mixture of metal ion and GOx was treated with hydrogels in phosphate buffer solutions and the decrease in metal ion and GOx concentration were followed using UV-Vis spectrophotometry at maximum absorption wavelengths of metal ions and GOx. The results obtained from these experiments are given in Fig. 2 . As can be seen from concentrations are approximately the same as in the case of non-competitive metal ion adsorption onto the hydrogels. However, the amount of adsorbed GOx in the case of competitive adsorption from the mixture of metal ion and GOx is low, 130 and 330 mg enzyme/g dry gel in the presence of Cu(II) and Co(II) ions, respectively. The equilibrium value of adsorption of both metal ions and GOx however follow the same trend as for GOx adsorbed on the metal ion chelated gels. Here, in the mixture of the metal ion and GOx, complexation between metal ion and enzyme takes place first. This restricts the adsorption of metal ions already attached to GOx on the active sites of hydrogels. In other words, the metal ion-enzyme complex in the solution contains lesser coordination vacancies to be coordinated with the imidazole nitrogen of hydrogels. As a result, adsorption tendency of GOx towards the gel was decreased when the GOx adsorption experiments performed simultaneously from the mixture of metal ion and enzyme. This shows us that, first, metal ion-chelated form of the hydrogels should be prepared and then enzyme should be loaded onto the metal ion chelated form of hydrogel, in order to increase the amount and activity of the enzyme immobilized on the hydrogels.
Stability of GOx immobilized onto PVIm gels
The stability of the enzymes in general depends on a number of factors, temperature and pH being the two most important. The stability of GOx is rather low at relatively high temperatures and even at room temperature. To investigate the stability of GOx at different temperatures, in different buffer solutions and in different immobilization forms, several experiments were conducted in this work. Activity loss of GOx with time at +4
• C is shown in Fig. 3 . As seen here, stability of the GOx immobilized onto PVIm, Cu(II)-PVIm and Co(II)-PVIm gels is considerably high as compared to the values reported in the literature (Table 1) . In 10 days, the activity of the GOx remains to be reasonably high and not less than 90% of the original value for all gels at +4
• C. At the end of the 40-day period, the activity of the GOx in PVIm, Cu(II)-PVIm and Co(II)-PVIm gels remained at 76%, 63% and 83% of original values, respectively. Plain and metal ion-chelated PVIm gels could be used safely for the removal of the GOx and also for biosensors applications within 10 days at +4
• C without significant activity loss. Among the three different gel systems studied here, Co(II) chelated-PVIm gel has provided the highest stability for the immobilized enzyme and the activity loss is only about 22% at the end of the 70-day period. From our studies on specific/non-specific enzyme adsorption/release on these gels we have noted a leakage of about 5-10% GOx from the gels. The activity and stability studies take this behavior already into account. [27] In order to see the effect of buffering medium on immobilized and free enzyme stabilities, tests were made in acetate and phosphate buffers at pH 7.0 and 25
• C with time. In three different forms of the enzyme (free, PVIm hydrogel-Cu(II)-enzyme and PVIm hydrogel-Co(II)-enzyme systems), the stability of GOx was examined by measuring the activity for all enzyme forms at 25
• C and the results are given in Fig. 4. In Fig. 4A , it could be seen that all forms of the enzyme in the acetate buffer were unstable and in the first hour, about 95% of original activity was lost. In phosphate buffer at 25
• C, again free enzyme loses its activity almost completely in the first 5 h, but the other two forms, PVIm hydrogel-Cu(II)-enzyme and PVIm hydrogel-Co(II)-enzyme, were found to be more stable and not showing significant loss in their activities within 27 h (Fig. 4B) . It can be concluded that in phosphate buffer, activity of the immobilized GOx enzyme in Co(II) and Cu(II) metal ionchelated hydrogels could be retained without any significant loss in activity for a long period at room temperature.
The interesting result related to severe activity loss in acetate buffer needs further elaboration. This is probably due to the inhibitive interaction between acetate ion and the active sites of the enzyme. The active site of GOx is provided by a large deep pocket which is shaped like a funnel and is formed on one side by residues of the second molecule of the dimer. Part of the bottom of the catalytic cavity is formed by the mostly buried Asp-584, Tyr-515, His-559 and His-516, which are close to the front of isoalloxazine moiety, allowing them to be involved in the catalytic reaction or substrate binding [39] . The Asn amino-acid residue has an amino group site that can be easily protonated and further interact electrostatically with acetate anion and diminish the binding capacity of the enzyme with the substrate. In the case of phosphate, cavity size and the other additional interactions may not be effective to reduce the activity of enzyme. This is probably the reason for the activity of enzyme in phosphate buffer to be retained for a longer time without noticeable changes.
Effect of temperature and immobilization on the activity of enzyme
Temperature and the nature of buffer system have been observed to be very effective on the activity of GOx. At room temperature, free GOx loses its activity very fast, as seen in Fig. 4A and 4B, both in acetate and phosphate buffer solutions. Immobilization on metal ion-chelated PVIm hydrogels, however, seems to provide a solution, as shown in Fig. 4B . 95% of the original activity of GOx has been retained at room temperature for 1 day when it is immobilized onto Co(II)-chelated PVIm gels. When the amount of adsorbed GOx/g sorbent are compared with the literature values, a relatively higher amount of enzyme is seen to be immobilized onto plain and especially metal ion-chelated hydrogels in this study ( Table 1 ). The activity of the enzyme was retained for a long time without any noticeable loss after its immobilization on the metal ion chelated hydrogels. In the physical adsorption of GOx on sorbents, the stability of enzyme is generally not retained for as long as in the covalent immobilization or entrapment processes. In our case, immobilization of GOx on the metal ion chelated hydrogels increased the activity and the stability of the enzyme compared to other physical adsorption modes, for a comprehensive comparison, see Table 1 . Also, after loss of the activity of enzyme immobilized on the metal ion-chelated hydrogels, the hydrogels could be regenerated and reloaded with fresh enzyme for the repeated use of the same hydrogels.
Temperature is another very important parameter on the activity and the stability of enzymes either in the free or immobilized form. In this study, temperature stability of GOx was examined and compared with the literature results. We Table 2 .
Comparison of GOx activity at high temperatures Polymer support observed that enzyme activity was significantly reduced with temperature both for free enzyme and enzyme immobilized on the plain hydrogels. Our results showed that GOx activity was retained considerably and activity loss with temperature was not too much adversely affected when the metal ion chelated form of the hydrogels were used in immobilization. This indicates that metal chelated form of the enzyme on PVIm hydrogels is getting more stable conformation and not being affected too much from temperature within the range studied here. At 75
• C, the enzyme showed 7, 11 and 23% activity when immobilized onto plain, Cu(II)-chelated and Co(II)-chelated hydrogels, respectively. Especially in the case of Co(II)-chelated hydrogels, enzyme activity is still useful at 75
• C for the determination of substrate in different media. These results show that the stability of GOx onto Co(II)-chelated hydrogel is significantly higher than the activities reported in other studies in the literature at 75
• C (Table 2 ).
CONCLUSIONS
Poly(N-vinylimidazole) gels were prepared by irradiation of N-vinyl imidazole/water mixtures at ambient conditions by gamma rays. Metal ion adsorption capacities of the studied hydrogels are high enough to load glucose oxidase (GOx) on the metal ion-chelated hydrogels. The maximum chelated amounts of Cu(II) and Co(II) ions were 3.64 and 1.72 mmol metal ions/g dry gels, respectively. Metal-chelated form of hydrogels showed adsorption capacities of up to 528 and 343 mg GOx/g dry gels for Co(II)-and Cu(II)-chelated poly(N-vinylimidazole), respectively. Activities of the free enzyme and its metal ion-chelated form were found to be instable in acetate buffer at 25
• C. Metal ion-chelated forms of enzyme, however, were found to be quite stable for a long time in phosphate buffer, even at 25
• C. The stability of the immobilized enzyme is high for all gels and the activity is not less than 90% in the first 10 days for systems kept at +4
• C. Co(II) chelated gel has higher stability and the enzyme activity loss in the 70 days is only about 22%. Metal ion chelation imparts considerable thermal stability to GOx when immobilized in the PVIm gels studied here.
